Objective-The mechanisms responsible for the age-related increase in the incidence of calcific aortic valve stenosis (CAS) are unclear but may include telomere-driven cellular senescence. Because telomere length varies widely among individuals of the same age, we hypothesized that patients with shorter telomeres would be prone to develop CAS late in life.
D egenerative calcific aortic valve stenosis (CAS) is a strictly age-related disorder which can be distinguished from other forms of aortic stenosis such as post-rheumatic valve disease or congenital abnormalities (eg, bicuspid valve). CAS has a prevalence of Ϸ4% among those older than 85 years 1 and is currently the most frequent reason for performing valve replacement surgery. However, the mechanisms leading to CAS and its tight association with advancing age remain largely unknown.
At the cellular level, aging leads to a permanent nondividing state known as replicative senescence, which ensues in somatic cells after a predetermined number of cell divisions and induces characteristic changes in gene expression, morphology, and cellular function. 2 Entry into the senescent state can be triggered by the loss of telomere integrity. 3 Telomeres build the physical caps of chromosomes and, in humans, consist of several thou-sand repeats of the sequence TTAGGG associated with telomere binding proteins. Telomeres shorten during replication of somatic cells, ultimately leading to senescence with progressing biological age. 4 In the human vasculature, telomere length (TL) was found to be shorter at sites with increased hemodynamic stress. 5, 6 Because the cusps of the aortic valve are exposed life-long to high levels of mechanical and shear stress, they might also be prone to the accumulation of senescent cells, which in turn could contribute to the development of age-related CAS. Because TL varies widely among individuals of the same age, 7-10 mainly because of hereditary factors, 7, 9, 10 patients with heritably shorter telomeres might have a predisposition toward CAS. We therefore investigated whether the presence of agerelated CAS was associated with shorter telomeres in peripheral blood leukocytes. These have been shown to represent a legitimate surrogate of tissue TL. 8, 11 
Methods

Patients
The study population (nϭ193) was recruited prospectively from patients Ն70 years of age undergoing diagnostic coronary angiography. Case patients (nϭ64) all had critical CAS scheduled for valve replacement surgery and underwent elective angiography to assess for concomitant coronary artery disease (CAD). Absence of CAD was defined as lack of or minimal coronary atheromatosis as visualized by angiography. Patients with type I diabetes mellitus, total cholesterol Ͼ8 mmol/L, serum creatinine Ͼ200 mol/L, or recent immunosuppressant/antineoplastic chemotherapy were excluded. Echocardiography was performed in case patients to assess the mean systolic pressure gradient over the aortic valve, aortic valve morphology, and left ventricular ejection fraction. In controls (nϭ129), aortic stenosis was excluded by direct measurement of the aortic valve pressure gradient during left ventricular catheterization. These 2 methods of quantifying transvalvular pressure gradients have been repeatedly cross-validated and are accepted to be of equivalent sensitivity and specificity. 12 Written informed consent was obtained from all patients, and the protocol was approved by the institutional ethics committee.
TL Analysis
TL analysis was performed by a team blinded to patient characteristics. Blood samples were taken after an overnight fast. Whole EDTA blood was frozen immediately and stored at Ϫ80°C until further processing.
DNA Isolation
Genomic DNA was extracted using the PureGene DNA extraction kit (Gentra Systems, Minneapolis, Minn) or magnetic bead technology (Chemagen, Baesweiler, Germany). Control experiments confirmed that TL analysis of the same sample extracted by both techniques delivered virtually identical results.
Terminal Restriction Fragment Determination by Southern Blot
Terminal restriction fragment (TRF) length analysis was performed using standard techniques. 4 For details, see the online data supplement available at http://atvb.ahajournals.org. Each case sample was run with its pair-matched control on adjacent lanes. Results are the mean of 2 independent assessments for each sample. The interassay variability was 7.8%Ϯ 7%.
TL Determination by Quantitative Polymerase Chain Reaction
In a parallel approach, relative TL was determined using a previously described 13 and validated 14 -16 polymerase chain reaction-based method. For details, see the online data supplement available at http://atvb.ahajournals.org.
Statistical Analysis
Student t tests were used to compare continuous variables. The distribution of categorical variables was compared with the 2 test. Values of PϽ0.05 were considered significant.
Results
Pilot experiments were performed on a set of 30 cases and 30 controls, selected from the cohort to be pair-matched for age, sex, and the presence or absence of CAD, factors that have previously been associated with differences in leukocyte TL. [7] [8] [9] 17 Clinical, risk factor and hemodynamic characteristics of these patients were comparable and are summarized in Table I (see online data supplement available at http:// atvb.ahajournals.org). The 2 groups were comparable with regard to cardiovascular risk factor profiles, plasma levels of lipoproteins and C-reactive protein, body mass index, and statin use.
TRF length determined by Southern blot analysis demonstrated that the CAS patients had on average significantly shorter telomeres than the controls, with the difference between the means of the 2 groups equaling 0.52 kbp (5.75Ϯ0.55 versus 6.27Ϯ0.7 kbp, Pϭ0.002) ( Figure 1 ). The average annual decline in TRF length as calculated by linear regression was 35.2Ϯ21.8 base pairs/year and was not significantly different between groups (ANCOVA, data not shown). These results were confirmed using a quantitative polymerase chain reaction-based method of TL analysis. Although less sensitive, this approach has recently become more widely used because of its suitability for highthroughput analysis. [13] [14] [15] [16] The mean relative TL of the CAS patients and controls included in the pilot experiments was 0.88Ϯ0.19 and 1.0Ϯ0.19, respectively (Pϭ0.01). Linear regression analysis for the correlation between these 2 very different methods of measuring TL delivered a correlation coefficient of 0.262 for the relationship between relative TL and TRF length (Pϭ0.0001, data not shown).
We next tested whether the association between shorter TL and CAS found in the pilot study could be reproduced in the entire cohort of 193 patients, made up of 64 CAS patients and 129 controls. Baseline characteristics were comparable and hardly differed from the pilot study pair-matched groups (Table) . The mean relative TL in the CAS group was Figure 2A ). The association between shorter TL and CAS remained stable after excluding the patients in the pilot study from the cohort, which thus represented a second independent population (Pϭ0.009). An association between leukocyte TL and both extensive CAD 17 and premature myocardial infarction 18 has previously been demonstrated. CAD was present in 55% and 58% of the CAS and control groups, respectively. However, we found no significant impact of the presence or absence of CAD on TL in either the CAS group or the controls ( Figure 2B ).
Because CAS has been shown to be associated with cardiovascular risk factors, we next investigated for a possible confounding effect of these on our result. We found no significant association between relative TL and serum levels of lipid fractions or C-reactive protein. Similarly, relative TL was independent of smoking status and statin use.
Finally, we investigated the possibility that shorter TL in the leukocytes of these elderly patients with CAS was a consequence of increased leukocyte destruction/turnover resulting from the high shear forces active over the stenotic aortic valve. Our hypothesis was that patients with heritably shorter telomeres would have a predisposition to develop CAS because of the exhaustion of replicative capacity at an advanced age, and not that leukocyte TL was shorter because of CAS. We therefore measured relative TL in a population of younger patients (nϭ16, mean age 52Ϯ8 years) who had developed severe aortic stenosis due to other causes (bicuspid valve, post-rheumatic disease). These patients would not depend on the exhaustion of regenerative capacity to trigger their valve disease but would have the same degree of shear stress active over the stenotic valve. Compared with age-and sex-matched healthy controls, these young patients with non age-related aortic stenosis showed no difference in relative TL (young aortic stenosis 1.02Ϯ0.16 versus controls 1.0Ϯ0.11, Pϭ0.6).
Discussion
Calcific aortic valve stenosis is an archetypal age-related degenerative disease. Approximately half of all octogenarians have some form of aortic valve sclerosis when assessed by echocardiography, and Ϸ10% of these will develop severe aortic stenosis. 1 It is unknown by which mechanism the aging process contributes to the development of CAS. In this study, we followed the hypothesis that the limited regenerative capacity resulting from the telomere-based cellular senescence program may be involved in the development of CAS. The aortic valve represents a predilection site for degenerative disease caused by its chronic exposure to high levels of mechanical stress, a factor known to result in increased endothelial turnover. The emergence of senescent cells on the valve might then contribute to the progression of valve sclerosis not only by the loss of endothelial integrity but also by their altered function and gene expression profile.
During recent years, a number of groups have reported the presence of senescent endothelial cells in vascular pathology. 19 The indirect approach of using leukocyte TL as a surrogate for vascular tissue, as used here, is based on 2 reports demonstrating a strong intra-individual concordance between TLs of leukocytes and skin or synovial tissue from the same donor, indicating that the genetic determination of TL is tissue-independent. 8, 11 Using this strategy, others have reported an association of shorter leukocyte TL with CAD 17, 18 and increased cardiovascular mortality. 15 The main finding of this study is that patients with severe CAS have on average shorter telomeres than appropriately matched controls. A second important finding was the lack of association between shorter TL and the presence of angiographically verified CAD in this elderly population. This finding was consistently present in both the CAS and control groups ( Figure 2B ). This result contrasts with other publications reporting shorter leukocyte TL in patients with CAD. 17, 18 However, of these 1 study investigated only patients who had sustained an acute myocardial infarction before the age of 50, 18 whereas in the other study reported by the same group only 1 patient and 2 controls were older than age 70 years. 17 One might speculate that shorter TL in patients with premature CAD might be related to a more inflammatory nature of the disease compared with CAD in the elderly.
Patient Characteristics of the Entire Study Cohort
Although our findings show a clear association between shorter TL and CAS, they do not demonstrate a causal relationship. Additional factors, such as chronic inflammation, hypercholesterolemia, or increased levels of oxidative stress, might contribute to the development of CAS and independently thereof accelerate leukocyte telomere erosion. Nonetheless, in our population no such confounding associations were identified. Alternatively, one could speculate that the hemodynamic shear forces active over the stenotic aortic valve might increase leukocyte turnover and would thus lead to shorter telomeres. Our findings from a smaller group of young patients with severe aortic stenosis attributable to other causes (postrheumatic disease, bicuspid valve) and age-and sex-matched controls showed that this was not the case, supporting a role for shorter telomere length selectively in the development of age-related degenerative CAS. Evolutionary aging theories suggest that genes or processes that were selected to benefit young organisms can have unselected deleterious effects that become manifest in older organisms and thereby contribute to the aging phenotype. 20 The process of telomere-based replicative senescence fits this concept in humans by protecting against the development of cancer during the years of reproductive activity, but resulting in degenerative disorders at advanced ages. The association we report here between age-related CAS and shorter TL is compatible with the concept that the telomere-dependent exhaustion of regenerative capacity may participate in the development of this disorder.
